The use of environmentally-friendly materials in hydraulic engineering (e.g. the stone lining of weirs at levees) calls for the more accurate estimation of the discharge coefficient for broad-crested weirs with a rough crest surface. However, in the available literature sources the discharge coefficient of broad-crested weirs is usually expressed for a smooth crest. The authors of this paper have summarized the theoretical knowledge related to the effect of weir crest surface roughness on the discharge coefficient. The method of determination of the head-discharge relation for broad-crested weirs with a rough crest surface is proposed based on known discharge coefficient values for smooth surfaces and on the roughness parameters of the weir. For selected scenarios the theoretical results were compared with experimental research carried out at the Laboratory of Water Management Research, Faculty of Civil Engineering (FCE), Brno University of Technology (BUT).
Introduction
Broad crested weirs are frequently utilized in hydrotechnical engineering e.g. as part of weir structures in open channels, as lateral weirs on flood levees or as discharge measuring devices. In hydraulic calculations it is usually assumed that the overflow surface is relatively smooth, e.g. in the case of concrete structures. In such a case the discharge coefficient depends on the shape of the nose of the upstream entrance (sharp with vertical wall, inclined, rounded, etc.) and its value is related to the overflow head.
Lateral spillways at flood levees are special structures. They are specific in their extensive length, which on many occasions may exceed hundred meters, and also in their relatively small overflow head which usually does not exceed 0.50 m. The spillway crest mostly follows the crest of the levee and is usually lined so as to be protected against scouring during its overtopping. The lining very often consists of rip-rap, beaching, stone pitching or gabions with the grain size exceeding 50 mm. Due to this the surface cannot be assumed to be relatively smooth and its roughness becomes an important parameter influencing the discharge coefficient. Due to the long spillway crest and relatively small overflow head the error in discharge coefficient may have a considerable influence on the discharge rate calculated to be released to the land side of the levee.
Underestimation of the coefficient leads to underdimensioning of the lateral spillway; overestimating of the coefficient leads to higher levees, which results in a considerable increase in the expenses necessary for their construction due to their extensive length. Therefore, efforts tend to be aimed at the determination of the discharge coefficient as accurately as possible as a function of the parameters mentioned above. In the paper the influence of weir crest roughness on the discharge coefficient is determined theoretically via the friction coefficient and verified with experimentally measured data. The study is focused on unsubmerged broad-crested weirs with an inclined (embankmentshaped) upstream approach face with a slope of 1 : 2.5 and a varying downstream slope of 1 : 2, 1 : 3 and 1 : 4. The weir crest dealt with in this paper was perpendicular to the approaching flow.
Review of the present state
The hydraulics of broad crested weirs is widely discussed in the worldwide literature. The basic approaches to broad crested weirs with overflow formulas and corresponding discharge coefficients are cited in practically all textbooks on hydraulics and fluid mechanics e.g. (Kiselev, 1972) , (Munson et al., 1994) and others. Usually, only general information on discharge coefficients as a function of approach configuration is mentioned.
The hydraulic properties of broad crested weirs are usually expressed by the discharge coefficient characterizing the functional dependence between overflow head and the flow rate.
In the Czech Republic the determination of the discharge coefficient in the context of the design and use of structures which measure or regulate the flow rate in open channels is standardised and bound in national and international standards (ČSN ISO 3846, 3847, 4362, 4374, 8333) . Comprehensive overviews of discharge measurement structures with instructions, standards and procedures for their selection, design and use have been produced by Hager, 1993 and Bos et al., 1989 . The topic of flow measurement together with theoretical analysis is presented in manuals such as USBR, 2001, while deeper analyses completed with experimental research have been presented in scientific papers (Hager and Schwalt, 1994; Fritz and Hager, 1998; Al-Khatib, 2001; Sarker and Rhodes, 2004; Gonzales and Chanson, 2007; Bukreev et al., 2008) , which have improved the body of knowledge related to the shape of the free water surface, the velocity and pressure distribution along broad crested weirs, and also to the value of the discharge coefficient. Some authors, e.g. Moss, 1972; Hager and Schwalt, 1994, deal with corner separation at the upstream edge of smooth square-edged broadcrested weirs and with boundary layer phenomena (Hall, 1962; Al-Khatib, 2001 ). Other authors have analysed special configurations such as broad crested weirs with curved shapes (Khosrojerdi and Kavianpour, 2002) or the compound cross sections (Göğüş et al., 2006; Picek, Havlík, 2008) . Flow over oblique weirs was studied in more detail, e.g. by Wols et al. (2006 ). Villemonte, (1947 shows that the influence of submergence on the overflow is crucial.
Most authors describe weirs as having a smooth surface, and such structures are usually manufactured from concrete; experimental devices can be made from gypsum, plywood plates, fiberglass, plexiglass or other relatively smooth materials (Hager and Schwalt, 1994; Fritz and Hager, 1998; Göğüş et al., 2006) . However, the previous research of the authors of this paper Zachoval et al., 2009 ) has indicated the considerable influence of the roughness of the surface of broad crested weirs on the discharge coefficient in the case of low overflow head, and this has not been taken into account in the above-mentioned studies.
Theoretical considerations

Broad crested weir hydraulics
The object of our study is a broad-crested weir with an inclined approach sometimes referred as an embankment-shaped weir. Our area of concern is the use of such structures as a diverting overflow device constructed on levees, where the width of the broad crested weir can reach tens or hundreds of meters. Therefore, the effect of side contraction can be neglected and the specific overflow discharge q in [m 2 s -1 ] is considered. As the levee is considerably raised above the surrounding floodplain terrain the tailwater depth behind the levee will not exceed the weir crest and the overflow can be considered as unsubmerged.
The definition sketch and the configuration of the studied structure are shown in Fig. 1 . Based on a review of the literature, broad-crested weirs have to satisfy a condition in terms of relative weir length, which is defined as H/t, resp. h/t, and whose values are listed in Tab. 1 according to various authors. Here, h and H are the overflow head and the total energy head upstream of the weir, respectively; t is the length of the weir crest in the direction of flow. The unsubmerged flow at the central part t c of the horizontal crest (t 1 ≈ 2h, t 2 ≈ 0 to h) is close to the critical value; the flowlines are approximately parallel and hydrostatic pressure distribution can be considered (Bos, 1989 ).
In the case that H/t < 0.07 the friction losses on the weir crest cannot be neglected (Clemmens et al., 2001 ) and the discharge coefficient is dependent on the relative roughness of the surface.
The discharge equation for the ideal liquid at a broad crested weir can be derived using two energetic approaches. The first assumes the conversion of the mechanical energy in Profile 1 into kinetic energy; while within the second one the mechanical energy is being converted into potential energy and kinetic energy in the critical flow in Profile C (see Fig. 1 ). In the following text only the second approach is applied.
Considering an ideal flow over a rectangular broad crested weir the discharge Q i is obtained from the following formula (Bos, 1989) 
where b is the width of the rectangular broadcrested weir, g -gravitational acceleration and H is the approach energy head. By introducing the discharge coefficient (taking into account factors according to Eq. (5)) 
In the case of a high rectangular broad crested weir (h ≈ H), the conditions h/p 1 < 0.15 and 0.1 < h/t < 0.3 have to be fulfilled (ČSN ISO 3846, 1994) . Here, p 1 is the upstream height of the weir. In such cases when the kinetic energy head of the approach can be neglected the discharge coefficient is governed by the following relation:
where h is the overflow head.
Discharge coefficient
The discharge coefficient can be determined using tables, diagrams or functional relations provided by numerous publications or standards including guidance on the estimation of measurement uncertainties (ČSN ISO 3847, 1997; ČSN ISO 3846, 1994; ČSN ISO 4362, 1995; ČSN ISO 8333, 1997; ČSN ISO 4374, 1997; Bos, 1989; El-Alfy, 2005; Gonzalez and Chanson, 2007; Hulsing, 1986; Khosrojerdi and Kavianpour, 2002) , etc. Alternatively, the discharge coefficient can be derived from the results of numerical or experimental modelling Zachoval et al., 2009) .
The discharge coefficient involves mechanical energy losses. Dimensional analysis leads to the following formalised functional dependence of the discharge coefficient on dimensionless geometrical and other parameters:
where k s is the Nikuradse equivalent uniform roughness size, Z 1 and Z 2 -upstream and downstream slope factors and r is the radius of the upstream weir nose. In the case of a smooth surface, the dependence (5) simplifies as follows:
where C dh is the discharge coefficient for a smooth surface and h h is the overflow head in the case of a smooth weir surface.
The meanings of the individual terms in formula (5), resp. (6), are as follows: − h/p 1 , resp. h h /p 1 -influence of relative weir head, − h/t, resp. h h /t -influence of relative weir length, − h/b, resp. h h /b -influence of relative weir width, − t/k s , h/k s -influence of weir roughness, − h/r, resp. h h /r -influence of the roundness of the weir nose, − Z 1 -influence of upstream slope inclination, − Z 2 -influence of downstream slope inclination, − influence of approach channel geometry and roughness, − influence of temperature, surface tension and other factors.
In the following text only the influence of weir roughness, namely the effect of the h/k s ratio, will be studied.
Influence of the roughness of the weir surface
Losses due to friction depend on the flow regime. They differ significantly in cases of laminar or turbulent flow namely for hydraulically smooth surfaces, while for rough surfaces transition range and fully turbulent flow provoke the greatest differences in friction losses. The governing criteria are both the Reynolds number Re and relative roughness h/k s . In the case of a change in the flow regime along the weir crest it is necessary to take another factor into account e.g. t/k s , which expresses the relative length of the given flow regime.
Generally, the effect of friction at the weir crest surface can be expressed using two methods (USACE, 1992) . The first stems from the assumption of uniform flow along the weir crest; Chezy, Manning or Darcy-Weisbach equations can be used. The other method employs the boundary layer theory at the weir crest (Clemmens at al., 2001).
For a given discharge Q, due to the weir roughness the overflow head h is larger than that in the case of a smooth weir surface h h . The effect of surface roughness is implied in Eq. (4) by introducing the friction head, h f , which has to be added to the "smooth" head:
The overflow head h h for the smooth weir surface can be taken from the experimental results summarized e.g. in the standards ČSN ISO 3846, 3847, 4362, 4374, 8333 .
Weir roughness expressed by the friction coefficient
For the first approach a uniform, fully turbulent and approximately critical flow in a rectangular cross section is assumed. This hypothesis is justified in the case of an approximately critical flow at the weir crest. Assuming the hydraulic radius R ≈ h c , the friction loss head h f along the weir crest can be expressed as follows (USACE, 1992; García, 2008) :
where i E is the energy gradient, C f -the friction coefficient, v c -the critical flow velocity and h c is the critical head with the kinetic energy correction
In the case of steady fully turbulent uniform flow and homogeneous uniform spherical sand grains on the weir surface (Nikuradse´s uniform roughness elements), the following resistance law was derived by Keulegan (García, 2008) :
where κ ≈ 0.41 is von Karman´s constant. The logarithmic velocity distribution law close to the hydraulically rough wall is applicable only at a distance of about 0.2h from the wall (García, 2008) for large values of the relative roughness h c /k s , the limit of which also depends on the type of roughness (Schlichting, 1979) . For practical calculations the approximation of formula (10) by the Manning-Strickler power form can be used (García, 2008) :
which can be applied when the following condition is satisfied:
Under real conditions the grain shape and grain size significantly differ from being spherical and uniform. The grain size can be expressed by the grain size distribution curve. To express the nonuniformity of the grains the ratio between the Nikuradse equivalent sand roughness size k s of the weir crest and the representative grain size d X of the material at the weir crest is introduced:
where the subscript X means the X th percentile of a particle-size distribution curve.
The experimentally derived relation between α s and characteristic grain size d X according to various authors (Yen, 2002; García, 2008; Meyer-Peter and Müller (García, 2008) ), is recommended to be set at α s = 1 for d 50 . This assumption is used in further considerations.
The estimate of discharge coefficient C d for rough surfaces
For practical applications it is desirable to specify the magnitude of the discharge coefficient C d for rough surfaces, respectively to find out its relation to the generally published and used discharge coefficient C dh for smooth surfaces. The latter can be taken e.g. from cited technical standards (ČSN ISO) or handbooks on fluid mechanics. The method for determining such a relation is as follows:
1. An appropriate set of overflow discharges Q has to be chosen first. 2. Assuming a smooth weir crest, the approach hydraulic head h h is found using an iterative procedure based on the functional relation C dh (h h ) (6) taken from standards, handbooks, etc., and a formula analogical to Eq. (4). 3. For a given discharge Q the following are determined: critical depth h c (9), friction factor C f using Eq. (10) or (11), friction loss head h f along the weir crest from Eq. (8), and finally overflow head h using Eq. (7). 4. By substituting the corresponding discharge Q and the overflow head h into Eq. (4) the discharge coefficient for the rough weir surface C d is obtained. 5. The ratio β between the above-mentioned coefficients is defined as follows:
The dependence of ratio β on the relative roughness h c /k s and h h /t expressed using Eqs. (10) and (11) is shown in Fig. 2 . The application limits of the graphs in Fig. 2 are: 5 < h c /k s < 30, 0.1 < h h /t < < 0.3, h h /p 1 < 0.7, h h > 0.06 m. From Fig. 2 it can be seen that the ratio β approaches a value of 1 with increasing ratios of h c /k s and h h /t. When decreasing both non-dimensional ratios the ratio β decreases and also the difference between the values obtained using the two approaches represented by Eq. (10) and (11) increases, in particular in the case of smaller h c /k s . The diagram in Fig. 2 can be used for obtaining C d as an alternative to the procedure described above.
Experimental research
The aim of the experimental research was to verify the theoretical considerations mentioned above.
Description of the experimental equipment
The experimental measurements were carried out in a 6 m long and 1 m wide flume with a smooth plexiglass vertical wall on one side; the second side wall was made of steel. With respect to the relatively small overflow head the effect of the smooth walls was neglected and the flow was considered to be two-dimensional.
The weir shape was designed according to the real conditions at the levee or small embankment dam. The cross section was trapezoidal with an upstream slope of 1 : 2.5 and a variable downstream slope of 1 : Z 2 (Z 2 = 2, 3, 4) (see the photo in Fig. 4) ; the weir width was 1 m. The lining was stabilised by a concrete sill installed at the downstream edge of the weir crest (Fig. 3) which also represented the weir crest level: in the case of the rough surface it was very difficult to unambiguously define this level. In the absence of an impervious sill the seepage flow through the gravel lining would have distorted the measured flow discharge over the weir crest.
The crest height above the upstream flume bed p 1 = 0.46 m; the upstream slope was not covered by a gravel lining in order to represent the relatively smooth grassed surface of the levee slopes. The weir crest was covered by a layer of gravel of vari-able grain sizes. During the experiment the tailwater level did not reach the crest surface and therefore did not influence the discharge over the weir.
The discharge entering the flume was measured by a DN 300 electromagnetic flowmeter with a direct digital display. The available discharge range was from 0 l s -1 to 128 l s -1 . Upstream of the weir a stilling tank of the dimensions 1 m × 1 m × 2 m was installed. For a given discharge the water level was measured at a distance of 3h upstream of the weir. The measurement was carried out by plotting the water level on the outer plexiglass wall. 
The experiments
The experiments were carried out with the material on the surface of the weir exhibiting variable grain size (see Fig. 5 ) in order to achieve variable roughness of the weir crest. An overview of the parameters of the experiments is shown in Tab. 2. During spreading the material was adjusted to the horizontal plane.
Results of experiments
The weir head-discharge relations were obtained for the individual experiments according to the observed values (Fig. 6) . Based on the measured values of h, Q and b the discharge coefficient C d was evaluated from Eq. (4). The influence of the neglected entrance velocity head represents approximately 2 % of the discharge value. The dependence of C d on overflow head h is shown in Fig. 7 .
The logarithmic function was used for the approximation of the C d (h) relation based on the experimentally measured values for the variants of different weir crest roughness represented by k s = d 50 values (Fig. 8) .
T a b l e. 2. Experimental parameters. 9, 9.9, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80 A2 2 8 20 32 4.9, 9.9, 14, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90, 100, 110, 120 and 125 B1 3 8 24 40 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 B2 3 8 24 40 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 C1 4 8 24 40 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 D1 2 8 24 40 5, 10, 15, 20, 25, 30, 35, 40 E1 2 8 24 40 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90, 100, 110, 120 and 125 E2 2 8 24 40 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 F1 2 8 14 20 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 100, 105, 110 
Comparison of theoretical and experimental results
Based on the procedure described in section 3.3 the values of the discharge coefficient were calculated for the roughnesses corresponding to the experimental research. The representative grain size was set to d 50 and the coefficient α s = 1 (Eq. (13)). The corresponding discharge coefficient C dh for the smooth weir crest surface was taken from the standard (ČSN ISO 4362, 1995) .
The comparison of the relations C dh (h) and C d (h) calculated by the method described in Section 3.3 and the results taken from Fig. 8 is shown in Fig. 9 to Fig. 11 . Here, the solid lines denote the logarithmic approximation of the measured values; the dashed lines represent the values calculated by the procedure given in Section 3.3 using Eq. (10) and the dash-and-dot lines depict the relation derived in Section 3.3 using Eq. (11). The range for the fulfilment of condition (12) is also marked out.
The dependence C d (h c /k s ) for the measured data and for theoretical values derived from Eq. (10) and (11) is compared in Fig. 12 and Fig. 13 .
The comparison of the results of theoretical analysis and experimental research indicate the following general conclusions: − The downstream slope Z 2 of the weir and its roughness have only a negligible effect on the value of the coefficient of discharge C d as compared to the roughness of the spillway crest (Fig. 7) . − Experimental results (Fig. 12 and Fig. 13) prove the theoretical consideration shown in Fig. 2 The influence of roughness on the discharge coefficient of a broad-crested weir regarding the decrease in discharge coefficient C d with falling relative roughness h c /k s . The effect of the relative roughness h c /k s becomes more significant when the values of this ratio are small (Fig. 2) . − The effect of the relative width of the weir h h /t was not evaluated in detail; however, Fig. 2 shows practically the same trend as in the case of relative roughness h c /k s . − From Fig. 9 to Fig. 11 a significant (12) is not satisfied, the differences increase up to about 40 %. However, theoretically and experimentally obtained curves are of a similar shape, thus proving the logarithmic resistance law. − Figs. 12 and 13 show that the effect of the relative roughness on the value of the coefficient C d for h c /k s < 5 determined by the measurement is smaller compared to the effect determined by calculation using theoretically based procedures (section 3.3). The difference between theoretical and measured values can be also caused by a certain difference between the real discharge coefficient C dh for the experimental device (which was not measured) and that mentioned in ISO standards. − In cases when condition (12) is satisfied both Eqs. (10) and (11) can be used. In general, when h c /k s < 5, Eq. (11) gives better results when compared with experimental research (see also Figs. 9, 10, 11) . Based on Fig. 13 , Eq. (11) can be recommended for cases when h c /k s > 2.
Conclusions
In this paper a theory-based method has been proposed for the estimation of the discharge coefficient C d for the crest of a rough broad crested weir. The results obtained from the proposed procedure were compared with the values obtained from experimental research carried out in the LWMR, FCE, BUT, Brno. The comparison was carried out for two modifications of the resistance law expressed by Eqs. (10) and (11).
The discharge coefficient C d was derived for the trapezoidal cross section of an overflowed structure (e.g. a flood levee). In the analysis only the effect of the crest roughness (t/k s , h/k s ) was studied; the other factors mentioned in Eq. (5) are included in the value of discharge coefficient C dh for a smooth weir crest according to the relation (6). The velocity of approach was neglected.
In our study the values of C dh were not experimentally verified and are assumed to be known from the available literature or standards, e.g. (ČSN ISO 3846, 3847, 4362, 4374) .
It should be noted that only three variants of surface roughness were studied and experimentally verified in 124 tests. For a sound statistical assessment and proper error analysis more extensive research should be done.
Nevertheless, the method proposed has general relevance and can be used for more accurate hydraulic calculations of broad crested weirs with a rough crest.
